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Abstract
Background: In this study, gas tensions in cerebrospinal fluid (CSF) were prospectively evaluated as intraoperative markers for
the detection of neurological deficits. Methods: Spinal fluid, serum, and heart lung machine (HLM) perfusate were monitored for
gas tensions (pO2/pCO2) and related parameters (pH, lactate, and glucose) during thoracoabdominal aortic repair and correlated
with perioperative neurological examination and electrophysiological testing. Results: Forty-seven patients were assessed for the
study, and 40 consecutive patients were finally included. The patients were divided into 3 groups: group A (23 patients, 57.5%): no
clinical or laboratory signs of neurological damage; group B (14 patients, 35%) who developed subclinical deficits; and group C (3
patients, 7.5%) who had paraplegia. Significant intraoperative changes in CSF gas tensions were observed with postoperative
paraplegia. Glucose ratio between serum and CSF showed higher variability in group C, confirming a damage of the blood–brain
barrier (BBB). Conclusion: Major neurological damage is reflected by early changes in CSF gas tensions and glucose variability,
suggesting damage of the BBB in these patients.
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Introduction
Despite vast improvements throughout the past 20 years,
thoracoabdominal aortic repair (TAAA repair) still bears a
high risk in terms of mortality and morbidity.1,2 The most
devastating complication is paraplegia as a consequence of
intraoperative or early postoperative spinal cord ischemia.3-5
Numerous so-called adjuncts to the original clamp-and-sew
technique have reduced the rate of paraplegia and paraparesis
from as much as 20% to 30% to below 15%.6,7 The widely
accepted 3 most relevant adjuncts are (1) sequential clamp-
ing, (2) distal perfusion (DP), and (3) cerebrospinal fluid
(CSF) drainage.1-7
Intraoperative monitoring of spinal cord function, in order
to adjust the procedure accordingly, has been reported by
some groups8,9-13 to be feasible. In this series, the hypothesis
was tested that CSF, which passes the critical part of the
spinal cord in a craniocaudal direction,14,15 may reflect
short-term changes in the gas exchange, given that especially
CO2 is highly soluble and traverses semipermeable mem-
branes easily. The pO2 in the absence of hemoglobin and
pCO2 are determined by a comparatively small number of
molecules and should, thus, reflect very small changes of
their concentration in the tissue embedded in CSF—the spinal
cord. Similarly, one would expect pH and lactate to signal anae-
robic metabolism and glucose ratio between serum and CSF to
reflect damage of blood–brain barrier (BBB).8
The aim of our proof-of-principle study was to assess
whether changes in CSF gas tensions might reflect neurological
outcome measured by changes in somatosensory evoked
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potential/motor evoked potential (SEP/MEP) or as clinically
apparent paraplegia.
Patients and Methods
Between March 2008 and April 2011, 47 patients agreed to be
included in our study. The institutional review board approved
this study. All patients gave written informed consent in accor-
dance with the Declaration of Helsinki. Patients’ demographics,
comorbidities, and characteristics are listed in Table 1.
Neurological Testing
Electrophysiological testing (SEP/MEP) was performed in the
neurology laboratory within 2 days preoperatively. The
patients were examined by 1 of the 2 neurology coauthors. This
was repeated as soon as the patients returned from the intensive
care unit to the normal ward on days 4 to 7.
Analysis of CSF
Spinal cord drainage was performed in all patients. A CSF
catheter (Integra Neurosciences, Plainsboro, New Jersey) was
placed the evening before surgery. Insertion site of the catheter
was L3 to L4 or L2 to L3, and the catheter tip was positioned
approximately at T9 to T10. The catheter was connected to an
external drainage system (Lumbar Catheter Accessory Kit;
Integra Neurosciences), allowing CSF drainage as well as con-
tinuous pressure monitoring.
Samples of CSF for semionline gas analysis (within 2 min-
utes) were taken in 15-minute intervals beginning just prior to
starting DP and continuing to 2 hours thereafter. At the same
time, interval blood samples were drawn from the right radial
artery and the arterial line of the heart lung machine and also
entered for gas analysis. Parameters evaluated were pO2, pCO2,
pH, lactate, and glucose.
Operative Technique
The operative procedure and the anesthesiological manage-
ment were highly standardized and have been described else-
where.1,8 In all patients, DP was achieved using a mini-
circuit cardiopulmonary bypass (CPB; Terumo, Tokyo, Japan,
ROC-Safe) connected via cannulation of left femoral artery and
vein. Venous access was obtained percutaneously using a 22F
2-stage cannula for venous drainage (FemTrack 20-24F;
Edwards Lifesciences, Irvine, USA). The left femoral artery
was exposed through a small transverse skin incision and a
15F or 17F cannula introduced nonocclusively by puncture
through a small purse-string suture in the adventitia (Novalung,
Novaport KU-15/17F; Hechingen, Germany). The DP pres-
sures, as measured in the right femoral artery, were kept at
70 mm Hg or above, with a minimal pump flow of 1.5 L/min.
Proximal systolic pressures, determined in the right radial
artery, were kept above 120 mm Hg. Selective organ perfusion
was additionally used for the renal and visceral arteries during
the time the relevant aortic segment was clamped (staged
clamping). Heparin dosing for this series was set at a
Table 1. Patients’ Demographics, Comorbidities, and Characteristics.
Group 1 PA-B
a Group 2 PB-C
a Group 3 PA-C
a Pb
Total 23 (57.5%) 14 (35%) 3 (7.5%)
Gender (males) 16 (70%) 1 11 (79%) 1 3 (100%) 1 .49
Mean age (+SD), yrs 53 (+14) .97 57 (+12) .26 .26 .8
Comorbidities 47 (+11)
Hypertension 19 (83%) .38 13 (93%) 1 3 (100%) 1 .39
Diabetes mellitus 0 .36 1 (7%) 1 0 1 .38
CAD 6 (26%) .29 6 (43%) .51 0 1 .26
COPD 10 (43%) .5 4 (29%) .54 0 .27 .31
PVD 2 (9%) 1 1 (7%) .33 1 (33%) .3 .36
Tobacco use 8 (35%) .73 6 (43%) .51 0 .53 .37
Marfan syndrome 1 (4%) .01 5 (36%) .53 2 (67%) .02 .007
Primary aneurysm 13 (57%) .49 9 (64%) 1 1 (33%) 1 .65
Secondary aneurysm 11 (43%) .49 4 (36%) 1 1 (67%) 1 .65
Type A dissection 6 (54%) .6 3 (75%) 1 1 (100%) 1 .57
Type B dissection 5 (46%) .6 1 (25%) 1 0 1 .57
Crawford classification
Type I 2 (9%) .61 2 (14%) 1 1 (33%) 1 .62
Type II 8 (35%) 1 4 (29%) .54 1 (33%) .53 .88
Type III 13 (56%) .5 6 (43%) .2 1 (33%) .27 .19
Type IV 0 .12 2 (14%) 1 0 1 .13
Abbreviations: SD, standard deviation; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; PVD, peripheral vascular disease; ANOVA,
analysis of variance.
aPX-Y: group X versus group Y.
bComparison between 3 groups using one-way ANOVA or Kruskal-Wallis test.
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conservative 300 IU kg1 aiming for an ACT > 200 seconds.
During clamping, the average temperature (rectal vs oesopha-
geal) was kept around 33C and rewarming started immedi-
ately on declamping. The temperature was chosen as a
compromise between improved organ protection by lower tem-
peratures and the increased risk of spontaneous ventricular
fibrillation below 32C.
Cerebrospinal Fluid Drainage
The CSF pressures were recorded continuously and CSF
drained at intervals whenever values exceeded 12 to 15 mm
Hg into the collection system.
Neurological Evaluation
An experienced neurologist examined all patients prior to and
as soon as possible after the operation. In patients with post-
operative confusional states, cranial computed tomography
scanning was performed to exclude cerebral pathology. The
modified Tarlov scoring scale was applied to assess lower limb
motor function. Patients underwent detailed electrophysiologi-
cal evaluation using SEP and MEP prior to and after the sur-
gery. The postoperative evaluation was performed 4 to 7
days after surgery. All new pathologic SEP and MEP were con-
sidered neurological deficits and the patients included in the
corresponding group for evaluation.
Study Design and Definitions
The study was performed prospectively. Patients undergoing
postoperative neurologic examination were divided into 3
groups, regarding the findings of postoperative neurological
and electrophysiology examinations. The first group showed
no clinical or laboratory signs of neurological complications
(group A, 29 of 45 patients; 64%). In the second group (group
B, 13 of 40 patients, 29%), all patients with pathological
SEP or MEP and/or subclinical signs of neurological deficit
were included (Table 2). Subclinical in this context was
defined as any pathological neurological finding that was not
obvious or reported by the patient and did not significantly
interfere with postoperative mobilization and physiotherapy.
Finally, patients having an obvious severe postoperative def-
icit such as paraplegia or paraparesis were included in a third
group (group C, 3 patients of 45; 7%). The groups were com-
pared in terms of comorbidities, characteristics, and operative
details in order to exclude any undue difference that may
introduce bias.
One patients, without clinical signs of neurological deficit,
denied any postoperative neurological examination, and 6
patients died without any neurological examination. These
individuals were excluded from this study. Of the patients
analyzed for neurological symptoms, 3 patients in group A
and 1 patient in group C died. One patient in group C had
a, most likely, thrombotic occlusion of the left femoral artery
which required subsequent multiple revisions of the femoral
artery. He had a compartment syndrome, renal insufficiency,
and pneumonia during the postoperative course. The patient
developed a sepsis and died due to multiorgan failure, despite
a rescue attempt using extracorporeal life support. One
patient in group A developed a fulminant pancreatitis and
died due to multiorgan failure. The other patient in group
Table 2. Clinical, Subclinical, and Laboratory (SEP and MEP) Findings
in Patients of Groups B and C.
Patients SEP and MEP Examination Clinical Examination
Group B
Patient 1 Amplitude reduction





Patient 2 Not assessed Left hemiparesis and
hypaesthesiaa
Patient 3b Amplitude prolongation
(SEP) on left side (LS)
and amplitude
reduction (SEP) on RS
Normal
Patient 4 Not assessed Transient left leg
monoparesis
Patient 5 Amplitude prolongation
(SEP) on LS. MEP:
normal
Transient paresthesia of
left lower limb (tingle-
like). Light (central) left
leg paresis
Patient 6 Not assessed Normal
Patient 7 Amplitude prolongation





Patient 8 Not assessed
Patient 9 Amplitude prolongation




Patient 10 Amplitude prolongation




Patient 11 Amplitude prolongation
(SEP) on LS
Normal
Patient 12 Not assessed Suspect positive Babinski
reflex
Patient 13 Amplitude reduction (SEP)
on LS
Normal
Patient 14 Amplitude reduction (SEP)





Patient 1 Not assessed Paraplegia
Patient 2 Not assessed Paraplegia
Patient 3 Not assessed Paraplegia
Abbreviations: CT, computed tomography; SEP, somatosensory evoked poten-
tial; MEP, motor evoked potential.
aIntraoperative cardiac resuscitation due to ventricular fibrillation; the cranial
CT scan was normal.
bThe patient rejected the MEP examination postoperatively.
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A developed a severe cerebral herniation during postopera-
tive course due to massive coagulation disorder after reopera-
tion due to a hemathothorax. The third patient of group A
died during rehabilitation due to sudden cardiac death. The
patient had a known history of dilatative cardiomyopathy,
however, the exact cause of death remains unclear since no
autopsy was performed.
Serum-, CSF- as well as CPB samples were collected before
aortic clamping and every 15 minutes thereafter until the end of
surgery. All samples were immediately analyzed intraopera-
tively for pO2, pCO2, pH, lactate, and glucose levels. The mea-
surements were performed on a Hitachi (Hitachi Ltd. Tokyo,
Japan) automated clinical analyzer with enzymatic in vitro
tests. The validity of the measurements with CSF samples had
been confirmed in a prior extensive test series.
We compared all measured values between the 3 groups for
each point in time. Besides the individual measurements, cor-
relations between the specific parameters (pCO2 and pO2) in
serum, CPB, and CSF were looked at for evidence of signifi-
cant contribution of DP to the oxygenation of the CSF. Finally,
variability of the ratio between glucose levels in serum and
CSF was compared between the groups, in order to assess any
damage of blood–brain barrier (BBB).
Statistical Methods
All analyses and graphs were performed with GraphPad Soft-
ware Inc Version 5.0. Categorical variables and frequencies
are presented as percentages, and continuous variables as
mean + standard deviation (SD). D’ Agostino and Pearson
omnibus normality test determined the distribution of contin-
uous variables. Ordinal data were compared with Fisher exact
test. Normally distributed continuous variables were com-
pared with t test for independent variables, and Mann-
Whitney U test was performed for not normally distributed
data. Within-group changes regarding the obtained para-
meters were analyzed by repeated measures analysis of var-
iance (ANOVA). Between-group differences at the different
time points were analyzed by one-way ANOVA for continu-
ous variables and by Kruskal-Wallis test for nonparametric
data. Finally, comparison of SD (glucose variability) was
performed by means of the F test. The Pearson correlation
coefficient was measured in order to analyze the correlation
between the gas tensions (pO2 and pCO2) of serum, CSF, and
DP. The P value of  .05 was considered statistically signif-
icant for individual tests. Where data points were missing, the
number of available observations is reported, and no assump-
tions are made about missing data.
Results
The mean duration of the operation was 316 + 81 minutes in
group A, 263 + 55 minutes in group B, and 430 + 150 min-
utes in group C (P ¼ 0.103), respectively. The DP time was
also comparable between the 3 groups (group A: 141 + 44
minutes, group B: 122 + 36, and group C: 171 + 78 minutes,
P ¼ .28). The selective organ perfusion was 67 + 40 minutes
in group A, 65 + 43 minutes in group B, and 76 + 99 minutes
in group C (P ¼ .66).
Cerebrospinal Fluid
The examined markers in the CSF samples showed no statis-
tically significant differences between groups A and B. In
contrast, the comparison between groups A and C yielded sta-
tistically significant differences at different time points during
the aortic clamping.
The pO2 in CSF was found to be remarkably constant in all
groups throughout the operation in contrast to serum (Figure 1).
Noteworthy is that 45 and 120 minutes after aortic clamping,
we found a statistically significant decrease of pO2 in group
C in comparison to the other groups (Figure 1).
The pCO2 in CSF (similarly to serum) was constant for all
groups (Figure 2). Patients in group C showed the highest pCO2
levels 15 minutes after aortic clamping, a trend that lasted until
declamping of the aorta.
pH was found higher than expected in group A and espe-
cially in group B, whereas it was expectedly lower in group
C (Table 3). Lactate, similarly, was found higher in group C
than in both other groups starting 30 minutes following aortic
clamping.
Finally, glucose levels were much higher in group C start-
ing after 60 minutes of aortic clamping (Figure 3). The statis-
tical comparison of the standard deviations (F test) of glucose
ratio between serum and CSF showed statistically significant
higher variability in group C after 45 (F: 4.51, P ¼ .04), 60
(F: 4.37, P ¼ .04), 105 (F: 5.76, P ¼ .04), and 120 minutes
(F: 36, P < .001).
Distal Perfusion
In order to exclude bias contributed by the levels of each para-
meter in the blood coming directly from the mini-circuit, we
compared all reported parameters between the DP samples of
each group, without statistically significant differences.
Correlation of pO2 and pCO2
The pO2 in serum and CSF showed no statistically significant
correlation (r: .02, P¼ .73, 95% CI:0.10 to 0.14). In contrast,
we found a relationship between pO2(DP) and pO2(CSF) (r: .16,
P¼ .009, 95% CI: 0.04 to 0.28) (See Figure 4). Similar was the
behavior of pCO2 showing no relationship between CSF and
serum (r: .07, P ¼ .22, 95% CI: 0.04 to 0.19) but a positive
relationship between CSF and DP (r: 0.20, P ¼ .001, 95%
CI: 0.08 to 0.32).
Serum
Serum samples of all measured parameters showed a consider-
able variability within the physiological ranges. No statistically
significant differences between the groups regarding pO2, pCO2,
pH, glucose, and lactate levels were demonstrated.
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Discussion
Our proof-of-principle study concerning changes in CSF dur-
ing TAAA surgery shows that measurement of gas tensions
in CSF is feasible and can reflect severe injury such as paraple-
gia. Nonetheless, (fortunately) only 3 patients reached the end
point of paraplegia and showed subsequent significant changes
in CSF gas tensions. However, especially for group B,
Figure 1. Graphical presentation of pO2 pressure (mean values with ranges) in cerebrospinal fluid during the first 120 minutes after aortic
clamping in each group; P value: statistical comparison between groups A and C.
Figure 2. Graphical presentation of pCO2 pressure (mean values with ranges) in cerebrospinal fluid during the first 120 minutes after aortic
clamping in each group; P value: statistical comparison between groups A and C.
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subclinical neurological changes occurred in the absence of
specific changes in gas tensions, suggesting other mechanism
for damage than segmental spinal ischemia. This series demon-
strates that besides the much dreaded paraplegia, subclinical
damage at the level of the spinal cord also happens in TAAA
repair.
The prevention of spinal cord damage supposedly by ische-
mia during clamping of the aorta in TAAA repair has been a
central issue for many years. Several adjuncts, such as DP, have
been conclusively shown to reduce this risk significantly on
clinical grounds.16 Given that the pO2 and pCO2 in CSF are
directly dependent on the interaction of the perfusate with the
active and passive properties of the BBB, they should reflect
very accurately the supply situation of the central nervous sys-
tem near to where the samples of CSF are taken.15 The data
show that the constituency of the blood, supplying the brain and
thus, the choroid plexus, does not correlate well with the gas
tensions in CSF, drawn in the lumbar region. In contrast, DP
perfusate is directly correlated throughout the perfusion period.
This therefore supports DP as an effective adjunct for spinal
cord protection in vivo and furthermore supports the use of
CSF gas tensions for the assessment of regional spinal perfu-
sion. On the other hand, the number of subclinical neurological
deficits observed which have in the past not received such
Figure 3. Graphical presentation of glucose (mean values with ranges) in cerebrospinal fluid during the first 120 minutes after aortic clamping in
each group; P value: statistical comparison between groups A and C.
Table 3. Mean pH Values (+ SD) in Cerebrospinal Fluid From the Beginning (Aortic Clamping) Until the End of Distal Perfusion in Each Group.a
Time Group A PA-B
b Group B PB-C Group C PA-C P
c
0 min 7.67 + 0.16 .56 7.70 + 0.12 .15 7.60 + 0.08 .28 .59
15 min 7.70 + 0.17 .92 7.70 + 0.13 .05 7.58 + 0.05 .03 .45
30 min 7.70 + 0.17 .82 7.72 + 0.14 .002 7.55 + 0.02 <.001 .13
45 min 7.73 + 0.15 .87 7.74 + 0.13 .007 7.54 + 0.02 <.001 .09
60 min 7.71 + 0.14 .12 7.80 + 0.11 .006 7.52 + 0.07 .02 .01
75 min 7.72 + 0.12 .49 7.78 + 0.16 .12 7.55 + 0.15 .18 .11
90 min 7.68 + 0.16 .23 7.80 + 0.18 .03 7.47 + 0.13 .09 .04
105 min 7.63 + 0.14 .01 7.82 + 0.08 <.001 7.43 + 0.04 .004 .003
120 min 7.64 + 0.16 .52 7.73 + 0.22 .07 7.43 + 0.03 .01 .10
End of DP 7.69 + 0.15 .87 7.69 + 0.15 NAd NA NA NA
Abbreviations: ANOVA, analysis of variance; DP, distal perfusion; SD, standard deviation.
aP values showing a statistically significant difference are tinged with gray.
bPX-Y: group X versus group Y.
cComparison between 3 groups using one-way ANOVA or Kruskal-Wallis test.
dNo statistical test could be performed because pH at the end of DP was documented in only one patient in group C.
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attention and occurred in the absence of specific changes in gas
tensions suggests another mechanism for damage than segmen-
tal spinal ischemia. Thus, while in the cases of paraplegia rel-
evant changes in pO2, pCO2, pH, and lactate (the latter in
accordance with a previous publication8) were demonstrated, this
was not the case for the patients exhibiting indeed very variable
subclinical defects. A mechanism such as microembolization of
air or debris would come to mind in analogy to carotid,17 car-
diac,18 or aortic arch surgery.19
A further suggestion for a different mechanism causing the 2
clinical pictures comes from the analysis of CSF glucose.
Although the glucose ratio between serum and CSF is main-
tained throughout in all 3 groups, confirming that the overall
stabilizing mechanisms of the BBB, as a whole, are
Figure 4. Graphical presentation of the correlation of pO2 (A) and pCO2 (B) between distal perfusion and cerebrospinal fluid. The regression
line (including regression equation and 95% confidence interval) illustrates the linear relationship between the respective parameters.
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functioning, the variability in glucose ratio at individual points
in time is significantly higher in patients with paraplegia than
in the other 2 groups. Thus, the BBB appears to have sustained
a serious breach in these cases, which is what one would how-
ever also expect to see in minor damage to the spinal cord
(possibly less pronounced), which is not the case. However,
at this stage, it cannot be ruled out and this is a limitation of
this work that here so-called subclinical neurological damages
are not due to a separate mechanism but the result of segmen-
tal spinal ischemia after all and that the lack of specific
changes in the measured parameters are the result of a smaller
ischemic event that does not reach the detection threshold of
the method. In this case, the, usually, very focal and very
diverse nature of the deficits observed remain to be explained
however. For the symptomatic group of patients, significant
changes happened as early as 30 minutes after clamping but
obviously proximal clamping may not be the critical event
in every patient. Here the correlation with functional para-
meters determined online such as evoked potentials will be
useful in future studies. Our results are in accordance with
an experimental study by Ulus et al showing a gradual and
progressive increase in CSF PCO2 and a decrease in pH during
aortic cross-clamping.20
The authors recognize limitations of this exploratory pilot
work. The patient number is small with (fortunately) only 3
paraplegias, which, despite the statistical bias, presents a first
trend and this is exactly the aim of this work. However, animal
studies using a model of spinal ischemia will have to be con-
ducted to further distinguish between spinal cord injury caused
my microembolism or segmental ischemia.
Conclusions
Changes in gas tensions in the CSF in the lumbar region indi-
cate significant changes in the spinal cord supply and correlate
well with clinical outcome. Small areas of insufficient supply
may go undetected in the clinical course as subclinical neuro-
logical deficits and seem to be the result of a different mechan-
ism of injury than regional spinal ischemia. Gas tensions are of
no value to detect these. Lumbar CSF constituency best corre-
lates with the DP perfusate and thus, in general, confirms the
value of DP for spinal cord protection.
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